Stress differentially affects hippocampal-dependent learning relevant to addiction and morphology in male and female rats. Mu opioid receptors (MORs), which are located in parvalbumin (PARV)-containing GABAergic interneurons and are trafficked in response to changes in the hormonal environment, play a critical role in promoting principal cell excitability and long-term potentiation. Here, we compared the effects of acute and chronic immobilization stress (AIS and CIS) on MOR trafficking in PARV-containing neurons in the hilus of the dentate gyrus in female and male rats using dual label immunoelectron microscopy. Following AIS, the density of MOR silver-intensified gold particles (SIGs) in the cytoplasm of PARV-labeled dendrites was significantly reduced in females (estrus stage). Conversely, AIS significantly increased the proportion of cytoplasmic MOR SIGs in PARV-labeled dendrites in male rats. CIS significantly reduced the number of PARV-labeled neurons in the dentate hilus of males but not females. However, MOR/PARV-labeled dendrites and terminals were significantly smaller in CIS females, but not males, compared with controls. Following CIS, the density of cytoplasmic MOR SIGs increased in PARV-labeled dendrites and terminals in females. Moreover, the proportion of near-plasmalemmal MOR SIGs relative to total decreased in large PARV-labeled dendrites in females. After CIS, no changes in the density or trafficking of MOR SIGs were seen in PARV-labeled dendrites or terminals in males. These data show that AIS and CIS differentially affect available MOR pools in PARV-containing interneurons in female and male rats. Furthermore, they suggest that CIS could affect principal cell excitability in a manner that maintains learning processes in females but not males. Synapse 67:757-772,
INTRODUCTION
In humans and animals, areas involved in learning and memory, including the hippocampus, are strongly activated during craving induced by drug-associated cues (Kilts et al., 2001; Risinger and Oakes, 1995; Volkow et al., 2006) . Contextual cue induced reinstatement to drug use critically depends on hippocampal output (Atkins et al., 2008; Crombag et al., 2008) , relayed directly from the subiculum or indirectly from the CA2/CA3a region to the mesolimbic reward system (Luo et al., 2011; Vorel et al., 2001 ). The hippocampus is involved in reinstatement of abuse of heroin as well as other pharmacological classes of drugs (Bossert et al., 2007; Rogers et al., 2008) . Moreover, the hippocampus, particularly the endogenous opioid system, has been implicated in addiction to opiates, such as morphine, heroin, and oxycodone, and other drugs (Gerrits et al., 2003; Hyman and Malenka, 2001; Leshner, 2002; Nestler, 2001) .
Drug addiction, particularly relapse, is often provoked by stress [reviewed by Bruchas et al. (2008) and Shalev et al. (2000) ]. Although stress has powerful influences on addictive processes in both males and females (Koob, 2008) , females have a heightened sensitivity to stress (Becker et al., 2007) that may contribute to their accelerated course of addiction (Elman et al., 2001; Hu et al., 2004; Lynch et al., 2000; Robbins et al., 1999) . In addition, the rate and triggers of drug abuse relapse differ between men and women (Fiorentine et al., 1997; Weiss et al., 1997) .
Sex differences in response to acute and chronic stress have been reported in hippocampal learning and circuitry (Bowman et al., 2003; Conrad et al., 2003; Luine et al., 2007) . In males, chronic stress impairs cognitive performance on spatial memory tasks as well as on nonspatial recognition memory tasks and decreases long-term potentiation (LTP) [for reviews see Luine et al. (2007) ; McEwen and Milner (2007) ]. Additionally, chronic stress in males results in the debranching and atrophy of the apical dendrites on CA3 pyramidal cells (McEwen, 1999; Vyas et al., 2002) , increases the packing density of small synaptic vesicles near the active zones of mossy fiber terminals (Magarinos et al., 1997) , decreases the number of parvalbumin (PARV)-containing inhibitory interneurons (Czeh et al., 2005; Hu et al., 2010) and suppresses adult neurogenesis (Pham et al., 2003) . Conversely, chronic stress in females does not affect or slightly increases performance on the same memory tasks (Conrad et al., 2003; Kitraki et al., 2004; Luine et al., 2007) and does not result in severe atrophy of CA3 pyramidal cell apical dendrites (Galea et al., 1997; McLaughlin et al., 2010) .
Hippocampal regions that are vulnerable to the sexually dimorphic effects of stress extensively overlap with the endogenous opioid system. The mossy fiber pathway is rich in the opioid peptides, enkephalin, and dynorphin, as well as the mu opioid receptor (MOR) 1D slice variant [reviewed by Drake et al. (2007) ]. Additionally, MOR-1As (hereafter referred to as MORs) are expressed prominently in PARVcontaining interneurons whereas delta opioid receptors (DORs) are expressed prominently in somatostatin, neuropeptide Y, and/or corticotropin releasing factor (CRF) interneurons and in pyramidal cells (Drake et al., 2007; Williams and Milner, 2011) . Activation of MORs and DORs, either by endogenous opioids or exogenous agonists such as morphine, can enhance pyramidal cell excitability via disinhibition and can facilitate LTP [reviewed by Simmons and Chavkin (1996) ].
Emerging evidence indicates that gonadal steroids and stress can both impact the hippocampal opioid system. Ovarian hormone levels can alter the levels of enkephalins and dynorphins in the mossy fiber pathway (Torres-Reveron et al., 2008 , 2009a and trafficking of MORs in PARV-containing interneurons (Torres-Reveron et al., 2009b) . Moreover, the proportion of DOR interneurons containing CRF as well as the trafficking of DORs in pyramidal cells varies with sex and ovarian hormone status (Williams et al., 2011b; Williams and Milner, 2011) . Following exposure to stress, opioid peptides are released in the hippocampus (McLaughlin et al., 2003) where they can bind extrasynaptically to nearby MORs (Drake et al., 2002) . Recently, we have shown sex differences in the activation of both hippocampal MORs and DORs following acute stress (Burstein et al., 2013; Gonzales et al., 2011) . However, whether stress also affects the trafficking or density of opioid receptors in hippocampal neurons is unknown.
Thus, this study sought to determine whether trafficking and/or density of MORs is altered in the hippocampus following stress, and if so, does this differ in males and cycling females. For this, dual labeling electron microscopic immunocytochemistry examined the distribution of MORs in PARV-labeled interneurons in the hilus of the dentate gyrus in males and cycling females after acute and chronic immobilization stress (AIS and CIS, respectively).
MATERIALS AND METHODS Animals
All procedures were approved by the Rockefeller University and Weill Cornell Medical College Institutional Animal Care and Use Committees and were in accordance with the 2011 Eighth edition of the National Institutes of Health guidelines for the Care and Use of Laboratory Animals. Adult male and female Sprague-Dawley rats (60 days old at arrival, N 5 84) from Charles River Laboratories (Wilmington, MA) were housed 3-4 animals per cage with 12:12 light/dark cycles. Rats could access food and water ad libitum.
Estrous Cycle Determination
Only female rats that showed two consecutive, regular 4-5 day estrous cycles prior to initiation of the stressor were used. Estrous cycle stage was determined using vaginal smear cytology (Turner and Bagnara, 1971 ) daily between 9:00 and 10:00 AM, following 1 week of acclimation after arrival. To control for the effects of handling, male rats were removed from their cages daily to perform mock estrous cycling. Uterine weight and plasma serum estradiol levels via radioimmunoassay (TorresReveron et al., 2008) were measured to confirm estrous cycle stage. Diestrus 2 rats rather than metestrus (diestrus 1) were chosen to ensure that rats were completely out of the estrus stage.
Acute Immobilization Stress
Rats were transported from their home room into a procedure room, and AIS was performed as previously described (Lucas et al., 2007; Shansky et al., 2010) between 9:00 AM and 1:00 PM. Rats were placed in plastic cone-shaped polyethylene bags with a Kotex mini-pad underneath them to collect urine and small hole at the apex of the cone. Animals were placed with their nose at the hole, sealed with tape in the bag, and left undisturbed on the countertop for 30 min. Immediately after that rats were anesthetized in a neighboring procedure room and fixed via perfusion (see below). Control rats were left in the home room and anesthetized prior to transfer to the procedure room for perfusion.
Chronic Immobilization Stress
Rats were subjected to AIS as described above for 10 consecutive days. Both CIS and control rats were pair housed in cages. During the stress paradigm, CIS rats were housed in a separate room. Rats were killed 1 day after the last stress period.
Immunocytochemistry Antibodies
A rabbit polyclonal antibody against MOR-1A was purchased originally from Neuromics (Minneapolis, MN; now incorporated with Chemicon at Millipore). This antibody recognizes residues 384-398 from the carboxy terminus of MOR1 and does not recognize the splice variant MOR-1B-E or the cloned DOR (Abbadie et al., 2000; Arvidsson et al., 1995) . Specificity of the antibody has been demonstrated previously by western blotting, preadsorption, and omission controls in brain tissues (Arvidsson et al., 1995; Drake and Milner, 1999) . A mouse monoclonal PARV antibody was purchased from Sigma (St. Louis, MO). This antibody has been previously characterized by radioimmunoassay, immunoblots, and the ability to recognize PARV in brain tissue (Celio, 1990) .
Section Preparation
Rats were deeply anesthetized with sodium pentobarbital (150 mg/kg, I.P.) and perfused sequentially through the ascending aorta with: (1) 10-15 ml 0.9% saline containing 2% heparin; (2) 50 ml of 3.75% acrolein and 2% paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.4); and (3) 200 ml of 2% paraformaldehyde in PB. After perfusion, brains were cut into 5 mm coronal blocks, postfixed in 2% paraformaldehyde in PB for 30 min, and then transferred into PB. Coronal sections (40 lm thick) through the hippocampus were cut on a vibrating microtome (Leica Microsystems, Buffalo Grove, IL) into PB. Sections were stored in cryoprotectant solution (30% sucrose and 30% ethylene glycol in PB) at 220 C. Prior to immunocytochemistry, sections were rinsed in PB, coded with hole punches and pooled into containers to ensure identical processing (Pierce et al., 1999) . (Note: Females and males from AIS and CIS groups were processed in separate sets. Thus, the density of MOR labeling from females and males could not be directly compared.) Sections were incubated in sodium borohydride (1% in PB) for 30 min and rinsed in PB.
Light Microscopic Immunocytochemistry
To examine changes in the number of PARV-labeled cells between different experimental groups, sections were processed as previously described (TorresReveron et al., 2009b) . Briefly, sections were transferred to 0.1M Tris-buffered saline (TS; pH 7.6) and then blocked in 0.5% bovine serum albumin (BSA) in TS for 30 min in PB. Sections were placed in mouse PARV antibody (1:3000) for 24 hr at room temperature, and then 24 hr at 4 C. Sections then were processed in a 1:400 dilution of biotinylated horse-anti-mouse immunoglobulin (IgG; Vector Laboratories, Burlingame, CA) for 30 min followed by a 1:100 dilution of avidin-biotin complex (ABC; Vectastain elite kit, Vector Laboratories) for 30 min. All incubations were separated by washes of TS. Sections were reacted in 2,2-diaminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO) and 3% H 2 O 2 in TS for 6 min and rinsed in TS followed by PB. Sections were mounted on gelatin-coated slides, dehydrated, and coverslipped from xylene with DPX mounting media (Sigma-Aldrich).
To dually label MOR and PARV, single sections were incubated in the MOR antibody (1:1000 dilution) for 2 days at 4 C and then the PARV antibody (1:1500) was added to the diluent for an additional day. Sections were rinsed in TS and incubated sequentially in Alexa Fluor 488 goat anti-rabbit IgG and Cy5 goat anti-mouse IgG (both at 1:400 dilution; Invitrogen-Molecular Probes, Carlsbad, CA) for 1 hr each. Sections were mounted on gelatin-coated slides, air-dried, and coverslipped with slowFade Gold antifade reagent (Invitrogen-Molecular Probes, Grand Island, NY). Immunofluorescent photographs from the dentate gyrus were acquired using a Leica (Nussloch, Germany) confocal microscope. Z-stack analysis was employed to verify dually labeled neurons.
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Electron Microscopy
Sections were dually labeled for MOR and PARV as described previously (Torres-Reveron et al., 2009b) . In brief, sections were incubated in the MOR antibody (1:1000 dilution) in 0.1% BSA and TS for 4 days at 4 C. Two days prior to processing, PARV antibody (1:3000 final dilution) was added to the vial containing the MOR antibody. Sections then were processed for peroxidase labeling for PARV as described for light microscopy. Next, sections were rinsed in TS and incubated in goat anti-rabbit IgG conjugated to 1 nm gold particles [1:50, Electron Microscopy Sciences (EMS), Fort Washington, PA] in 0.01% gelatin and 0.08% BSA in 0.01 M phosphate-buffered saline (PBS; pH 7.4) at 4 C overnight. Sections were rinsed in PBS, postfixed in 2% glutaraldehyde in PBS for 10 min, and rinsed in PBS followed by 0.2 M sodium citrate buffer (pH 7.4). The conjugated gold particles were enhanced by reaction in a silver solution (RPN491 Silver Enhance kit, GE Healthcare, Waukeska, WI) for 5 min.
Sections were fixed in 2% osmium textroxide for 1 hr followed by PB rinses and dehydration in increasing concentrations of ethanol and propylene oxide before being embedded in Embed 812 (EMS) . Ultrathin sections (70-72 nm thick) were cut from the hilus of the dentate gyrus on a Leica UCT ultratome and collected on 400 mesh thin-bar copper grids (EMS). The grids were counterstained with uranyl acetate and Reynolds lead citrate.
Fluoro-Jade Staining
To assess if cells in the dentate hilus were degenerating after CIS, hippocampal sections from males and estrus females were processed for Fluoro-Jade staining (Schmued et al., 1997) . Sections from male rats subjected to kainic acid-induced seizures (Skyers et al., 2003) were used as positive control. Briefly, sections were treated in sodium borohydride as described above, mounted on Superfrost slides (Esco, Erie Scientific Co., NH), and incubated in FluoroJadeV R B (Millipore) according to manufacturer's instructions. Sections were mounted with DPX and viewed on a Nikon H550L microscope equipped with a Nikon Eclipse 90i camera.
Analysis
An experimenter who was blind to treatment group performed all analyses.
Light Microscopy
Sections from the dorsal hippocampus (23.6 to 24.0 mm from Bregma; Swanson 2000) were chosen for analysis. Using the granule cell layer as a border, all labeled cells (PARV or Fluorojade) with a distinguishable nucleus were counted in the dorsal hilus excluding those cells in the CA3 pyramidal cell layer border. Data were analyzed using an unpaired Student's t-test (p < 0.05) using Excel for Mac 2011.
Electron Microscopy
Sections from the hilus of the dentate gyrus were examined on a Tecnai transmission electron microscope (FEI, Hillsboro OR). Profiles were identified and categorized using standardized morphological characteristics (Peters et al., 1991) . Dendritic profiles contained regular microtubular arrays and were usually postsynaptic to axon terminal profiles. Axon terminal profiles had numerous small synaptic vesicles and had a cross-sectional diameter greater than 0.2 lm.
Single ultra-thin sections taken from the surface of sections from the dentate hilus were examined from 3 rats from each experimental condition. Immunoperoxidase labeling for PARV was distinguished as an electron-dense reaction product precipitate. Silverintensified immunogold (SIG) labeling for MOR appeared as black electron-dense particles. To avoid false negative labeling of smaller profiles, profiles were considered as dual-labeled if they contained electron-dense reaction product and at least one gold particle. Criteria for field selection included good morphological preservation, the presence of immunolabeling in the field, and proximity to the plastic-tissue interface (i.e., the surface of the tissue) to avoid problems due to differences in antibody penetration . Micrographs containing duallabeled profiles were collected in random fields of the hilus. Tissue collection from each block was terminated when 50 dual-labeled dendritic profiles and at least 30 dual-labeled terminals were counted.
The subcellular distribution and density of MOR SIG particles in PARV-labeled dendrites and terminals was determined as previously described (TorresReveron et al., 2009b) . To maintain consistency between this and our previous studies, dendrites were divided into two size categories: small (<1 lm in diameter) and large (>1 lm in diameter). In general, small and large dendrites correspond to distal and proximal portions of the dendritic tree, respectively. For the analysis, MOR SIG particle localization was recorded as cytoplasmic, plasmalemmal or "near plasma membrane" (i.e., particles within 50 nm, but not touching, the plasma membrane). SIG particles on the plasma membrane reflect receptors available for ligand binding (Boudin et al., 1998) . Several ratios were calculated based on these designations: (1) plasma membrane SIG particles to total number of SIG particles (PL:Total); (2) near plasma membrane SIG particles to total number of SIG particles (Near:Total); and (3) cytoplasmic SIG particles to total number of SIG particles (CY:Total).
Morphological parameters that were used as indirect measures of dendrite size, including surface area (perimeter), cross-sectional area, and average diameter, were measured using Microcomputer Imaging Device software (MCID, Imaging Research Inc, Ontario, Canada). These measurements were used to determine the number of plasmalemmal MOR SIG particles in a profile/profile perimeter (PL:lm) and the number of cytoplasmic MOR SIG particles in a profile/profile cross-sectional area (CY:lm 2 ). Data were analyzed using an unpaired Student's t-test (p < 0.05) performed using JMP10 (SAS Institute, Inc.). Datasets were tested for normality.
Figure Preparation
Images were cropped in Adobe Photoshop 9.0 prior to importing into PowerPoint 2010 on an iMac, where final adjustments to brightness, contrast, and size were made. These changes did not alter the original content of the raw image. Graphs were generated in Prism.
RESULTS
Estrous Cycle Effects on MOR Trafficking in PARV-Labeled Dendrites
Our previous study (Torres-Reveron et al., 2009b) showed that the number of MOR SIG particles on the plasmalemma of PARV-labeled dendrites in the dentate hilus was greater in proestrus compared with diestrus rats. In this study, although we found that the CIS group had normal estrous cycles, we wanted to compare estrus rats as this stage has mid-estradiol levels. As this stage had not been studied previously, we first compared the trafficking of MORs in PARVlabeled dendrites from proestrus rats to estrus rats in the dentate hilus of control rats from the AIS group.
By light microscopy, numerous MOR-labeled cells containing PARV-immunoreactivity (ir) were detected in the subgranular zone of the dentate hilus of both proestrus and estrus female rats (Figs. 1A and 1B ). In agreement with our earlier studies (Drake and Milner, 2006; Torres-Reveron et al., 2009b) , the distribution of MOR-PARV cells was identical to that seen in males. By electron microscopy, MOR SIG particles were easily identifiable within PARV-labeled dendrites (Fig. 1C) . MOR SIG particles were in the cytoplasm as well as on or near the plasmalemma of PARV-containing dendrites. Consistent with the morphology of interneurons (Ribak et al., 1990) , MOR-PARV-labeled dendrites were contacted by numerous terminals, many of which formed asymmetric synapses. MOR SIG particles also were seen on the plasmalemma and in the cytoplasm of PARV-labeled terminals (e.g., see Fig. 7A ).
In control rats, the distribution of MOR SIG particles in PARV-labeled dendrites from proestrus and estrus rats was similar, but there were some differences. Specifically, proestrus females displayed significantly increased (p < 0.05) total number of MOR SIG particles in PARV-labeled dendrites in comparison with estrus females (Fig. 1D) . Within MOR-PARVlabeled small dendrites, proestrus females had fewer (p < 0.05) MOR SIG particles on the plasmalemma and increased cytoplasmic density (p < 0.01) of MOR-SIG particles in comparison with estrus females (Fig.  1E ). Proestrus females also showed an increased ratio (p < 0.05) of cytoplasmic:total MOR SIG particles in PARV-labeled dendrites in comparison with estrus females (Fig. 1F) .
AIS Effects on MOR Trafficking in PARVLabeled Dendrites
Regardless of their stage in the estrous cycle, AIS significantly decreased (p < 0.05) the total number of MOR SIG particles in PARV-labeled dendrites in the hilus of females ( Figs. 2A-2C ). This decrease was driven by a significant decrease (p < 0.01) in the cytoplasmic density of MOR SIG particles in AIS females compared with control females (Fig. 2D) . AIS did not alter the ratio of plasmalemma, nearplasmalemma, or cytoplasmic to total MOR SIG particles in PARV-labeled dendrites in females (Fig. 2E) .
Although no significant interaction between estrous cycle stage and AIS was observed by two-way ANOVA, we conducted further analysis by t-test to specifically assess the effect of AIS in proestrus females. In response to AIS, proestrus females displayed decreased cytoplasmic density (p < 0.05; Fig.  2F ) and increased plasmalemmal density (p < 0.05; Fig. 2G ) of MOR SIG particles in small (<1.0 lm) PARV-labeled dendrites as compared with proestrus nonstressed controls. A similar analysis conducted in estrus females revealed a significant decrease (p < 0.01) in cytoplasmic density, but not the plasmalemmal density, of MOR SIG particles in small PARVlabeled dendrites in response to AIS (Figs. 2F and 2G) . No significant changes (p > 0.05) in MOR SIG particle density or proportions in large (>1.0 lm) PARV-labeled dendrites were seen in either proestrus or estrus females after AIS (data not shown).
AIS had different effects on MOR trafficking in PARV-labeled dendrites in males. AIS did not alter the total number of MOR SIG particles (Figs. 3A-3C ) or the density of MOR SIG particles on the plasmalemma or cytoplasm of PARV-labeled dendrites, regardless of size (Fig. 3D) . In contrast, AIS significantly increased the ratio of cytoplasmic:total MOR SIG particles in PARV-labeled dendrites in males (Fig. 3E) .
CIS Effects on PARV Neurons
In males, previous studies in rats and tree shrews (Czeh et al., 2005; Hu et al., 2010) have shown that Synapse chronic stress decreases the number of PARV-labeled neurons in the hilus of the rat dentate gyrus. It is unknown whether chronic stress similarly impacts PARV-labeled neurons in females. This is important as it would affect interpretation of electron microscopic assessment of MOR trafficking in PARVlabeled dendrites after CIS. Thus, we first counted the number of PARV-labeled neurons in the hilus of the dentate gyrus in females and males after CIS. PARV-immunoreactive cells were not counted in the region near CA3 as this region was not sampled in the electron microscopic studies. In agreement with earlier studies (Hu et al., 2010; Czeh et al., 2005) , CIS significantly reduced the number of PARVlabeled cells in the dentate hilus of males by about 30% (Figs. 4A-4C ). In contrast, CIS did not significantly change the number of PARVimmunoreactive cells in females, regardless of estrous stage (Fig. 4C) .
To determine whether PARV-labeled neurons were degenerating after CIS, we next examined FluoroJade staining in hippocampal sections from control and CIS males and estrus females. No Fluoro-Jade cells were detected in the dentate hilus from the control males and females and the CIS females. However, the dentate hilus from two of the six CIS males each contained one Fluoro-Jade cell (data not shown). Thus, this difference was not significant (p > 0.05). However, further ultrastructural analysis of the hilus of CIS males containing Fluoro-Jade cells revealed 1-3 neurons (8-12 lm in diameter) with the morphological characteristics of degeneration: electron dense Significantly fewer total MOR SIG particles are in PARV-labeled dendrites in estrus females compared to proestrus females. E. Both proestrus and estrus females have a greater density of MOR SIG particles in the cytoplasm compared to the plasma membrane. However, estrus females have significantly more MOR SIG particles on the plasma membrane (*p < 0.05) and fewer MOR-SIG particles (**p < 0.001) in the cytoplasm of PARV-labeled dendrites. F. Proestrus females showed an increased distribution of MOR SIG particles to the cytoplasm of PARV-labeled dendritic profiles in comparison to estrus females (*p < 0.05).
cytoplasm and homogeneous chromatin in the nuclei (Figs. 5A and 5B). The somata were localized in the subgranular hilus in the vicinity of PARV-labeled profiles (Figs. 5A and 5B) and received contacts from unlabeled terminals (Fig. 5A) . Electron dense dendritic profiles that were contacted by unlabeled terminals were also seen (Fig. 5C ). Both degenerating somata and dendrites were primarily seen in the subgranular hilus; however, it was difficult to determine whether they contained PARV-ir. Fig. 2 . AIS reduces the number and density of MOR SIG particles in PARV-labeled dendrites in female rats. Examples of PARVlabeled dendrites (PARV-D) containing MOR SIG particles in the cytoplasm (magenta arrows), on the plasma membrane (magenta arrowhead) and near the plasma membrane (double magenta arrowheads) from control (A) and AIS (B) proestrus females. Unlabeled terminals (uT) contact (white arrows) dual labeled dendrites. Scale bars 5 500 nm. C. AIS significantly decreased the total number of MOR SIG particles in PARV-labeled dendrites of females, regardless of their stage in the estrous cycle (*p < 0.05). D. AIS significantly reduced the cytoplasmic density of MOR SIG particles in PARV-labeled dendrites of females, regardless of estrous cycle stage (**p < 0.01). E. AIS did not alter MOR SIG particle distribution on the plasma membrane, near the plasma membrane, or in the cytoplasm of PARV-labeled dendrites (p > 0.05), regardless of estrous cycle stage. F, G. After AIS, proestrus females displayed increased plasma membrane density (*p < 0.05; F) and decreased cytoplasmic density (*p < 0.05; G) of MOR SIG particles in small PARV-labeled dendrites whereas estrus females had a significant decrease in cytoplasmic density of MOR SIG particles in small PARV-labeled dendrites (**p < 0.01; G). N 5 3 rats per group; n 5 50 dendrites per rat.
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CIS Effects on MOR Trafficking in PARV Dendrites
CIS had no effect on the length of the estrous cycle or the duration of the individual estrous phases. However, electron microscopic analysis of the hippocampus from CIS rats revealed striking sex differences. As seen with AIS, MOR SIG particles were found in the cytoplasm and on the plasmalemma of PARV-labeled dendrites and terminals in females (Figs. 6A and 6B and 8A and 8B) and males (data not shown). However, only females had significant changes in the size of MOR-PARV dendrites and in the trafficking of MOR SIG particles in PARV-labeled dendrites.
Specifically, the area of MOR-PARV dendrites was significantly smaller (p < 0.05) in CIS females compared with controls (Fig. 6C) . Moreover, the density of MOR SIG particles in the cytoplasm (Fig. 6D ) and on the plasmalemma (Fig. 6E ) was significantly increased (p < 0.05) in the PARVlabeled dendrites of females. These changes were primarily driven by significant changes in the cytoplasmic density of MOR SIG particles in small (<1.0 lm in diameter) MOR-PARV dendrites (Figs. 6C-6E). However, the cytoplasmic density of MOR SIG particles in large (>1.0 lm in diameter) MOR-PARV dendrites also tended to increase (p 5 0.06). Additionally, the ratio of near-plasmalemma:-total MOR SIG particles in large (>1.0 lm) PARVlabeled dendrites (Fig. 6F) was significantly reduced. In contrast, neither the area of MOR-PARV dendrites nor the density and partitioning ratios of MOR SIG particles in PARV-labeled dendrites changed significantly (p > 0.05) in males (Supporting Information Fig. 1) .
A similar sexual dimorphism was seen in the MOR-PARV terminals after CIS. Specifically, the area of MOR-PARV terminals was significantly smaller (p < 0.05) in CIS females compared with controls (Fig.  7C) . Moreover, the density of MOR SIG particles in the cytoplasm of PARV-labeled dendrites of CIS females was significantly increased (p < 0.05; Fig.  7D ). In contrast, neither the area of MOR-PARV terminals nor the density of MOR SIG particles in PARV-labeled terminals changed significantly (p > 0.05) in males ( Fig. 7E and 7F ). 
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DISCUSSION
This study demonstrates sex differences in the density and trafficking of MORs in hippocampal PARVcontaining interneurons in response to stress (Fig. 8) .
In particular, the density of MORs in PARV-labeled dendrites is decreased in females and increased in males after AIS. Moreover, females display differences in the density of MORs on the plasmalemma and in the cytoplasm of PARV-labeled dendrites that are dependent on estrous cycle stage and AIS exposure. After CIS, males, but not females, had decreased numbers of PARV-labeled hilar neurons. Moreover, females have an increase in the density and alterations in the trafficking of MORs in PARV-labeled dendrites. Conversely, males have no change in either the size of MOR/PARV dendrites or the density or trafficking of MORs in PARV-labeled dendrites. These observed changes in MOR-PARV neurons may contribute to the reported sex differences in hippocampal-dependent behaviors in stressed animals, particularly learning relevant to drug abuse.
Methodological Considerations
Similar to our earlier publication (Torres-Reveron et al., 2009b) , this study utilized the pre-embedding immunogold-silver technique to localize MOR labeling. Although SIG labeling can produce lower estimates of receptor number than immunoperoxidase labeling, due to reduced reagent penetration (Leranth and Pickel, 1989) , this limitation did not likely affect comparisons between groups since (a) hippocampal sections were pooled and processed together to control for differences in antibody penetration (Pierce et al., 1999) , and (b) ultrathin sections were collected from the tissue-plastic interface where immunoreagent access is maximal . For each rat, we collected a similar number of dual labeled dendrites to insure that between-group comparisons were not affected by pre-embedding SIG limitations. By controlling these factors, variability between animals in each experimental group was minimal.
Our experiments were conducted in normal cycling animals as our previous studies (Torres-Reveron et al., 2008 , 2009a , 2009b Williams et al., 2011b) found robust differences in opioid peptide and receptor trafficking in different estrous cycle stages. In particular, proestrus rats have increased levels of enkephalins and dynorphins (Torres-Reveron et al., 2008 , 2009a . We chose not to study the effects of stress in ovariectomized and estrogen replaced rats since we and others (Tanapat et al., 2005; TorresReveron et al., 2008 TorresReveron et al., , 2009a TorresReveron et al., , 2009b have found that the effects of estradiol vary depending on steroid dose, time elapsed after hormone administration, and interval following ovariectomy. For instance, our recent studies have shown that 3 days of estradiol treatment via silastic capsules either does not change or decreases the levels of leu-enkephalin levels and other synaptic proteins in the hippocampus (Williams et al., 2011a) . Moreover, we did not want to introduce possible stress from multiple estradiol injections over the 10-day period.
Density of MOR-ir in PARV-Labeled Neurons Differs With Estrous Cycle Stage
In the dentate gyrus, MORs are found primarily in PARV-containing GABAergic basket interneurons, which provide inhibitory inputs to the somata of granule cells (Drake et al., 2007) . The present Fig. 4 . CIS decreases the number of PARV-labeled cells in the hilus of male, but not female, rats. Representative photomicrographs show the distribution of PARV-labeled cells in the dentate gyrus from control (A) and CIS (B) male rats. CA3, cornu ammonis 3 region; gcl, granule cell layer; hil, hilus. Scale bar 5 50 lm. C. The number of PARV-labeled cells was not significantly different in CIS and control female rats, regardless of estrous stage. Conversely, the number of PARV-labeled cells was significantly less (*p < 0.05) in CIS compared to control males. N 5 6 rats per group. demonstration that the density and trafficking of MORs in PARV-labeled dendrites varies depending on estrous cycle stage is consistent with our earlier study (Torres-Reveron et al., 2009b) . We previously focused on proestrus and diestrus females, as these are estrous cycle stages during which estrogen levels are highest and lowest, respectively (Turner and Bagnara, 1971 ) and found an increased density of MORs on the plasmalemma of PARV-labeled dendrites during proestrus (Torres-Reveron et al., 2009b) . This study included estrus females (when estrogens are declining and progestins are elevated) in the AIS experiments as this was the stage analyzed in the CIS rats by electron microscopy. We found that the density of MORs on the plasmalemma of PARVlabeled dendrites is even higher during estrus compared to proestrus in non-stressed (control) rats. A greater density of MORs on the plasmalemma would result in more receptors available for binding of endogenous ligands, e.g., enkephalin, or exogenous ligands, e.g., morphine (Boudin et al., 1998) . Functionally, more available MORs can inhibit GABAergic neurons leading to augmented excitability and LTP at the mossy fiber-CA3 synapse (Akaishi et al., 2000; Fig. 5 . Electron microscopy reveals necrotic cell profiles in the hilus of male CIS rats. A. A neuronal cell body, identified by its size and the presence of unlabeled terminals (uT) synapsing on the plasma membrane (white arrow), contains a dark nucleus (N) and dark cytoplasm (cy). A PARV-labeled terminal (PARV-T) is found nearby. B. At high magnification, a swollen profile with a patch of PARV-labeling (green arrowhead) abuts (white arrow) another neuron cell body with dark cytoplasm (cy) and nucleus (N). A PARVlabeled terminal (PARV-T) is found nearby. Numerous swollen mitochondria (m) are found in the cytoplasm of the profiles in A and B. C. A dendrite (D) with dark cytoplasm is contacted (white arrow) by an unlabeled terminal (uT). Scale bars 5 500 nm.
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Synapse Derrick et al., 1992; Derrick and Martinez Jr., 1994) . Importantly, enkephalins, which are released after high-frequency stimulation (Thureson-Klein and Klein, 1990) , also are elevated in the mossy fibers at estrus and to a slightly lesser extent at proestrus (Torres-Reveron et al., 2008) . Moreover, in the CA1 region of the hippocampus, the density of DORs on the plasmalemma of pyramidal cells is decreased in proestrus compared to diestrus rats (Williams et al., 2011b) . Together, these findings suggest that opioid activation of the mossy fiber-CA3 synapse would be maximal at estrus and proestrus. Specifically, greater quantities of enkephalin would be released to bind to more available MORs on inhibitory interneurons and fewer available DORs on pyramidal cells; as a result pyramidal cell excitation and LTP would be both indirectly and directly enhanced. This idea is strongly supported by our recent experiments showing that opioid-dependent LTP in the mossy fiber-CA3 synapse is greater in proestrus and estrus females compared to diestrus females and males (Varga-Wesson et al., 2011) . Fig. 6 . CIS affects the number and density of MOR SIG particles in PARV-labeled dendrites in female rats. Examples of PARVlabeled dendrites (PARV-D) containing MOR SIG particles in the cytoplasm (magenta arrows), on the plasma membrane (magenta arrowhead) and near the plasma membrane (double magenta arrowheads) from control (A) and CIS (B) estrus females. Unlabeled terminals (uT) contact (white arrows) dual labeled dendrites. Scale bars 5 500 nm. C. Following CIS, the area of total PARV-labeled dendrites was less (*p < 0.05) and tended to be less in large dendrites (p 5 0.06) in CIS estrus females compared to controls. D. CIS significantly increased the total density of MOR SIG particles in large and total PARV-labeled dendrites of estrus females (*p < 0.05). E. CIS significantly increased (*p < 0.05) the cytoplasmic density of MOR SIG particles in small and total PARV-labeled dendrites and tended (p 5 0.06) to increase the cytoplasmic density of MOR SIG particles in large PARV-labeled dendrites. F. CIS significantly decreased (**p < 0.01) the near plasma membrane MOR SIG particle distribution in of PARV-labeled dendrites in estrus females. N 5 3 rats per group; n 5 50 dendrites per rat.
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Synapse Following AIS, the Density, and Trafficking of
MORs Varies With Estrous Cycle Stage and Sex
Regardless of estrous cycle stage, females had a decrease in the total density of MOR SIG particles in PARV-labeled dendrites following AIS that was driven by a decrease in cytoplasmic MORs. This decrease in MOR density after AIS was significant only in the smaller, presumably distal PARVcontaining dendrites. However, when subdivided according to estrous cycle stage, only proestrus females had a greater density of MOR SIG particles on the plasmalemma of small PARV-labeled dendrites after AIS. The decrease in the total density of MOR SIG particles in PARV-labeled dendrites following AIS could represent a depletion of the reserve pools of MORs. Additionally, lack of change of MOR SIG particle density or distribution in the large PARVlabeled dendrites combined with the changes in cytoplasmic and plasmalemmal density of MOR SIG particles on small PARV-labeled dendrites likely indicates a trafficking of MORs toward the plasmalemma in the small dendrites in response to AIS when estrogen levels are highest. This would suggest that MORs are not internalized and that PARVcontaining neurons in proestrus females may be less excitable in response to AIS. Alternatively or Fig. 7 . CIS affects the number and density of MOR SIG particles in PARV-labeled terminals in female, but not male, rats. Examples of PARV-labeled terminals (PARV-T) containing MOR SIG particles in the cytoplasm (magenta arrows) and on the plasma membrane (magenta arrowhead) from control (A) and CIS (B) estrus females. Scale bars 5 500 nm. C. Following CIS, the area of PARV-labeled terminals was significantly less (*p < 0.05) in CIS estrus females compared to controls. D. CIS significantly increased the cytoplasmic density of MOR SIG particles in PARV-labeled terminals of females (**p < 0.01). E. Following CIS, the area of PARV-labeled terminals was not significantly different (p > 0.05) in CIS males compared to controls. F. No significant differences were seen in either the plasma membrane or cytoplasmic density of MOR SIG particles in PARV-labeled terminals of CIS and control males (p > 0.05). N 5 3 rats per group; n 5 30-50 terminals per rat.
additionally, a movement of MORs to the plasmalemma may be a result of increased synaptic activity and could play a role in the early stages of neural plasticity as has been suggested for glutamate receptors (Bassani et al., 2009) .
In contrast to females, males had no changes in either the total density of MOR SIG particles in PARV-labeled dendrites or in the density of MORs on the plasmalemma of PARV-labeled dendrites after AIS. However, males had an increased ratio of cytoplasmic:total MOR SIG particles in PARV-labeled small and large dendrites after AIS. This may suggest either an increased internalization of MORs or an increased trafficking of MORs from PARVcontaining soma to their dendrites following AIS in males.
Overall, the changes in the density and trafficking of MOR SIG particles in PARV-labeled dendrites after AIS resulted in decreased MORs available for activation in females and increased MORs available for activation in males. These findings are consistent with our recent light microscopic study (Gonzales et al., 2011) demonstrating that AIS decreases phosphorylated MOR (pMOR) levels in the dentate gyrus of proestrus and estrus females but increases pMOR levels in males. Moreover, we also have found that AIS decreases pDOR levels in the CA2/3 region in estrus females but does not alter pDOR levels in males (Burstein et al., 2013) . Together, these results suggest that AIS has opposite effects on the activation of hippocampal opioid receptors in females and males. Fig. 8 . Schematic diagram summarizing the effects of acute and chronic stress on the density and trafficking of MORs in PARV dendrites in the hippocampus of female and male rats. MORs are located on the plasmalemma (circle), near-plasmalemma (triangle) and in the cytoplasm (square) of PARV-containing dendrites in female and male rats. For ease of comparison, only estrus females are shown. Dashed line indicates division between small and large PARV-labeled dendrites and gray shadings on membranes indicate synapses. After AIS, fewer MORS are detected in the cytoplasm of small PARV-containing dendrites in females (red) whereas the proportion of MORs in cytoplasm compared to the total is greater in small and large PARV-containing dendrites in males (blue). After CIS, the numbers of PARV-labeled neurons decrease by about 30% in males but do not change in females (data not shown). However, the size of large PARV-labeled dendrites decreases about 20% in females but not males. Following CIS, the density of MORs increases in the cytoplasm of small and large PARV labeled dendrites in females. Moreover, the proportion of near-plasmalemmal MORs compared to the total in large PARV-labeled dendrites decreases in females. After CIS, no changes in the density or trafficking of MORs are seen in the PARV-labeled dendrites in males.
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MORs in PARV-Labeled Interneurons and Chronic Stress
Although previous studies (Czeh et al., 2005; Hu et al., 2010) have shown that chronic stress decreases the number of PARV-labeled neurons in males, this is the first report to analyze the effect of CIS on PARVlabeled neurons in females. Interestingly, unlike in males, CIS did not result in a loss of PARV-labeled neurons in females, regardless of cycle stage. These findings are consistent with previous studies demonstrating that cycling rats fail to show chronic stressinduced CA3 dendritic retraction (McLaughlin et al., 2010) . However, CIS does have some effect, as EM studies demonstrated that the overall size of large MOR-PARV dendrites was decreased by about 20% in females. Whether the PARV-containing cells that remain in males after CIS have any unique morphological characteristics will be a subject of future investigation.
The decrease in PARV-labeled neurons in males after CIS could either indicate that PARV-labeled neurons are lost and/or PARV-ir has fallen below the level of detectability. The loss of at least some of the PARV-labeled interneurons is supported by ultrastructural detection of degenerating neurons in the subgranular hilus, which contains the majority of PARV-labeled neurons. It is important to note that the detection of degenerating neurons was highly variable between animals. Such variability was not unexpected, as other studies have found subsets of male rats to be more sensitive to chronic stress [reviewed by Kabbaj (2004) ]. However, the failure to detect degenerating cells in the male CIS rats with Fluoro-Jade despite a noted decrease in PARV-labeled cells either indicates that PARV-ir is reduced below the level of detectability after CIS or that the timepoint used in the current study for detecting degenerating cells is not optimal. Regardless, the present EM study sampled a subpopulation of PARV-labeled neurons in males that appears resistant to the deleterious effects of CIS.
Our electron microscopic studies revealed sex differences in the effects of CIS on the density and trafficking of MOR SIG particles in PARV-labeled dendrites in the dentate hilus. Specifically, the density of MOR SIG particles increased in PARV-labeled dendrites and the ratio of near-plasmalemma:total MOR SIG particles decreased in females after CIS. In contrast, CIS had no effect on the density and trafficking of MOR SIG particles in PARV-containing dendrites in males. In females, the density changes in large dendrites may primarily be due to the shrinkage in size: the area of large MOR-PARV dendrites decreased by about 17% whereas the total and cytoplasmic density of MOR SIG particles in large PARV-labeled dendrites increased by 25% and 18%, respectively. However, as with the males after AIS, the increased cytoplasmic density of MOR SIG particles in PARV-labeled dendrites could also be due to trafficking of MORs from the soma. This is more likely the case for the small PARV-containing dendrites, since no changes in their size were seen after CIS. The changes in the partitioning ratio of MOR SIG particles in PARV-labeled dendrites in females after CIS likely represent a redistribution of the MOR SIG particles in PARV-containing dendrites. In particular, reductions in near-plasmalemmal MOR SIG particles may indicate that the reserve pool of MORs is depleted after repeated exposure to stress.
MOR-PARV labeled terminals also had sexually dimorphic responses to CIS. In CIS females, the area of MOR-PARV terminals was reduced by about 22% and the density of MOR SIG particles in PARVlabeled terminals was increased by about 30%. Neither of these changes was seen in males after CIS. As discussed above, the changes in MOR density could be due to terminal shrinkage or increased trafficking of MORs from the soma.
Functional Considerations
The current findings support a growing body of literature that the effects of stress on the brain systems involved in learning are sexually dimorphic [reviewed by Bangasser et al. (2010) and Luine et al. (2007) ]. This study revealed that AIS and CIS alter the density and trafficking of MORs in hippocampal PARV neurons in opposing directions in females and males. Moreover, after CIS, the number of PARV-labeled cells decreased in males, but not females. These changes could have important implications for hippocampal function.
Hippocampal PARV cells, which contain the majority of MORs (Drake and Milner, 2006) , are a subpopulation of GABAergic interneurons that innervate pyramidal and granule cells (Freund and Buzs aki, 1996) and, to a lesser extent, cholecystokinin interneurons (Karson et al., 2009) . Agonist activation of hippocampal MORs inhibits GABAergic transmission, producing net excitation and facilitation of LTP [reviewed by Drake et al. (2007) ]. Our findings in males would suggest that the disinhibitory function of MORs on PARV neurons is maintained or even enhanced following AIS but disrupted following CIS. This assertion is supported by the findings in male rats that 21 days of chronic restraint stress impairs rhythmic firing of PARV interneurons (Hu et al., 2010) . Conversely, our findings in females suggest that the MOR-activated disinhibition of PARV neurons may be diminished following AIS but is not changed or even potentially increased following CIS. As a result, the facilitation of LTP would be predicted to be maintained or even enhanced in females, but not males, following chronic stress.
In the dentate gyrus, MOR-PARV terminals primarily arise from intrinsic GABAergic basket cells (Drake et al., 2007) and, to a lesser extent, from GABAergic septal neurons (Alreja et al., 2000) . The increased density of MOR SIG particles in PARV terminals after CIS could affect synaptic transmission from both of these sources. In particular, presynaptic MORs are involved in regulation of delayed rectifying potassium channels (Wimpey and Chavkin, 1991) , voltage-sensitive calcium channels (Herlitze et al., 1996; Ikeda, 1996) and vesicular fusion machinery (Capogna et al., 1996; Scholz and Miller, 1992) .
In conclusion, these data show that AIS and CIS differentially affect available MOR pools in PARVcontaining interneurons in female and male rats. Moreover, they suggest that CIS could affect CA3 pyramidal cell excitability in a manner that maintains learning processes in females but not males. These sex differences in the network properties of MOR-PARV could play a role in differences in learning following acute and chronic stress (Luine et al., 2007) and in the accelerated course of addiction seen in females (Elman et al., 2001; Hu et al., 2004; Lynch et al., 2000; Robbins et al., 1999) .
